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Bright and dark nonlinear magneto-optical resonances associated with the ground state Hanle 
effect have been studied experimentally and theoretically for Dl excitation of atomic cesium. This 
system offers the advantage that the separation between the different hyperfine levels exceeds the 
Doppler width, and, hence, transitions between individual levels can be studied separately. Exper- 
imental measurements for various laser power densities and transit relaxation times are compared 
with a model based on the optical Bloch equations, which averages over the Doppler contour of 
the absorption line and simultaneously takes into account all hyperfine levels, as well as mixing 
of magnetic sublevels in an external magnetic field. In contrast to previous studies, which could 
not resolve the hyperfine transitions because of Doppler broadening, in this study there is excel- 
lent agreement between experiment and theory regarding the sign (bright or dark), contrast, and 
width of the resonance. The results support the traditional theoretical interpretation, according to 
which these effects are related to the relative strengths of transition probabilities between different 
magnetic sublevels in a given hyperfine transition. 

PACS numbers: 32.60+i,32.80Xx,32.10Fn 
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I. INTRODUCTION 

The nonlinear magneto-optical resonances associated 
with the ground state Hanle effect [l[ are a beautiful ex- 
ample of the manifestation ground state Zeeman coher- 
ences, and are also related to the effects of electromag- 
netically induced absorption and electromagnetically in- 
duced transparency Q • These sub-natural line width res- 
onances appear in the fluorescence spectra of alkali atoms 
that are excited at the hyperfine transitions, and they 
may be "dark" 0, [| or "bright" @] Although straight- 
forward theories have been proposed to explain the bright 
and dark resonances [H, 0, H| , they have thus far eluded 
unambiguous verification because of experimental sub- 
tleties in the systems available for testing. We present 
an experimental and theoretical study of bright and dark 
resonances in the hyperfine transitions induced by Dl ex- 
citation of atomic cesium, 6 2 Si/ 2 (F g = 3,4) — > 6 2 Pi/ 2 
(F e = 3,4), as shown in Figure [TJ Compared to previ- 
ously studied systems, the cesium Dl line offers a much 
better defined test situation, because the separation be- 
tween hyperfine levels of different total angular momen- 
tum F exceeds the Doppler width. Therefore, the dif- 
ferent transitions from ground state levels F g — 3, 4 to 
excited state levels F e = 3,4 can be studied individually 
and the models can be verified in a more straightforward 
manner than heretofore possible. To our knowledge, the 
observations of the ground state Hanle effect in this sys- 
tem have thus far not been reported in the literature. 

Sub-natural width resonances in alkali vapors due to 
the ground state Hanle effect were first reported by 
Schmieder and co-workers in 1970 although some- 
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what tentatively. The first unambiguous observation of 
ground state Hanle resonances is generally attributed to 
Alzetta and co-workers Q , who observed dark resonances 
in a beam of sodium atoms. As a result of their work, the 
effect came to be known as Coherent Population Trap- 
ping (CPT). Dark resonances are caused when atoms be- 
come trapped in a ground state sublevel of a particular 
magnetic quantum number m. 

Interest in coherent phenomena in atomic ground 
states intensified in the late 1990s because of applica- 
tions to magnetometry [9j , lasing without inversion [Io| , 
laser cooling [ll[, electromagnetically induced trans- 
parency fl2l| , a nd coherent information storage in halted 
light pulses [H, 03] ■ For many years only dark resonances 
had been observed, but in 2000 Dancheva and co-workers, 
working with alkali vapors in glass cells, reported bright 
resonances for the first time [a]. This new type of reso- 
nance was quickly interpreted [3, Q . Unfortunately, sub- 
sequent experimental studies that applied these models 
could not always predict the correct sign of the resonance 
(bright or dark) [l5|, [l6[ . One of the reasons for the diffi- 
culty was that Doppler broadening allowed several total 
angular momentum F levels to participate in the transi- 
tions, while the numerical models were able to take into 
account only the cycling transition. Other experimental 
studies were plagued by difficulties in reproducing suffi- 
ciently homogeneous magnetic fields near zero [17] . Fi- 
nally, a recent study pj| of bright and dark resonances 
in cesium atoms confined in a nanometric cell was able to 
take advantage of the sub-Doppler properties of the nano- 
metric cell [19[ to focus on transitions between individual 
F levels. However, the nanometric cell adds additional 
subtleties that reverse the sign of some resonances, and 
the interpretation of these phenomena requires further 
study. Thus, although a beautiful and straightforward 
theoretical explanation of bright and dark ground state 
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Hanle resonances has existed for some time, the overall 
situation has remained somewhat unsatisfactory because 
of ambiguous experimental results. 

We chose to work at the Dl line of cesium atoms con- 
fined in a glass cell. This system offers several advantages 
over the systems studied previously. For the cesium Dl 
line, the hyperfinc splitting of the excited state is about 
1.2 GHz (see Fig.[TJ; therefore, the hyperfine transitions 
can be studied individually despite Doppler broadening. 
Unlike in the case of the thin cell, there is no need to 
account for additional effects, such as interactions with 
the walls. Therefore, it is much more straightforward to 
model the system and to compare the experimental and 
numerical results. Furthermore, we have continued to de- 
velop our modeling capability to take into account all F 
levels that could be excited by tails of the laser radiation 
distribution, to average over all velocity groups, and to 
account for magnetic sublevel mixing in a magnetic field. 
We thus planned to apply a well-developed model to a 
simple system and to compare experimental results and 
theoretical expectations under a wide variety of experi- 
mental conditions. We could select the transition, vary 
the intensity of laser light and the transit relaxation rate 
(related to laser beam diameter), and observe the sign of 
the resonance, its contrast, and its width. The goal of 
our study was to gain confidence in the theoretical un- 
derstanding of the bright and dark resonances and to try 
to settle outstanding doubts. 
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FIG. 1: Transition of the Cesium Dl line. The fractions on 
the arrows indicate the relative transition strengths [20| . 



II. EXPERIMENTAL DESCRIPTION 

Cesium vapor was confined at room temperature in a 
cylindrical glass cell with a diameter of approximately 
5 cm. The cesium vapor was irradiated by linearly polar- 
ized laser radiation from an external cavity diode laser in 
the Littrow configuration, which was based on a Thor- 
labs L904P030 laser diode and was operated at the ce- 
sium Dl line (894.4 nm). The maximum laser power 



available at the entrance of the cell was 2.5 mW. This 
power could be attenuated incrementally up to 200 times 
by means of neutral density filters. Four beam profiles 
with cross-sectional areas of 0.125, 0.8, 2.0, and 4.7 mm 2 
were obtained by means of lenses. The beam profile was 
characterized with a Thorlabs BP 104- VIS beam profiler 
and the beam size was determined by considering as part 
of the beam all areas in which the power was greater 
than 50% of the maximum power. Two lenses directed 
the laser-induced fluorescence onto a Thorlabs FDS-100 
photodiode that was operated in photovoltaic mode. No 
polarizers were inserted between the cell and the photo- 
diode, so that the fluorescence was observed regardless of 
polarization. The observation direction was perpendicu- 
lar to the laser beam and to the direction of polarization 
of the laser (see Figure [5]). The cell was located inside a 
three-axis Helmholtz coil system. The magnetic field in 
the direction of fluorescence observation was scanned by 
a Kepco BOP-50-8M bipolar power supply. The ambient 
magnetic field in the other two directions was compen- 
sated by the Helmholtz coils. 




FIG. 2: Relative orienation of laser beam, laser polarization, 
magnetic field, and observation directions. 

The magnetic field along the observation direction was 
slowly scanned in 200 or 400 discrete steps of duration 
300 ms. At each step, five distinct fluorescence measure- 
ments were taken. Thus, a typical scan lasted either 60 
seconds or 120 seconds. The laser beam was chopped at 
frequencies of several hundred Hertz for phase-sensitive 
detection. The fluorescence signal was amplified by a 
transimpedance amplifier and fed into an Ortholoc-SC 
9505 two-phase lock-in amplifier. The time constant of 
the lock-in amplifier was 30 ms. The amplified signal was 
digitized by a National Instruments PCI-6024E data ac- 
quisition card and stored on a PC. The background was 
determined by moving the laser off-resonance, and this 
background was subtracted from the measured signals. 

The laser induced fluorescence was measured as a 
function of magnetic field for the transitions from the 
ground state hyperfine level with total angular momen- 
tum F g = 3 to the excited state hyperfine level with 
F e = 3, from F g = 3 to F e = 4, from F g = 4 to F e = 3, 
and from F g = 4 to F e = 4 (see Figured]) . The transitions 
were identified with the help of a HighFinesse W/S 6 
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wavemeter, whose absolute accuracy was 600 MHz. No 
active stabilization was needed, since the laser tended to 
remain on a particular transition long enough to collect 
many scans. Results were averaged over several scans 
and are shown in Figures [3] and |4l the background hav- 
ing been subtracted (see section ITV|) . 



III. THEORY 

Bright and dark resonances can be explained qualita- 
tively with a simple model that was proposed in [7l.l8l.fl6l]. 
This model is based on the relative strengths of transi- 
tion probabilities between different magnetic sublevels in 
a given hyperfine transition. A dark resonance signal 
is expected when the atoms are optically pumped into 



a non-absorbing coherent quantum state, which is de- 
stroyed by the applied magnetic field. This case applies 
to the transitions F g = 3 — > F e = 3, F g = 4 — > F e = 3, 
and F g = 4 — > F e = 4. The coherences created by the op- 
tical pumping are destroyed when the Larmor frequency 
of the ground state becomes comparable to the relax- 
ation rate of the ground state, which in our experiment 
occurs roughly when the magnetic held is on the order 
of 0.1 G. More details on the qualitative model can be 
found in 0,11 

The actual theoretical model used in the calculations 
makes use of the quantum density matrix formalism. The 
Liouvillc equations (optical Bloch equations) for the den- 
sity matrix were reduced to rate equations for magnetic 
sublevel populations and Zeeman coherences without los- 
ing the completeness of the description 21| : 
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where p gi9i and p eiej are the density matrix elements 
for the ground and excited states, respectively. The hrst 
term in (fT]) describes the repopulation of the ground state 
and the creation of Zeeman coherences due to induced 
transitions, T p ^ giej and T* e . g , represent the interaction 
strengths between the ground and excited states, and 
d1 z9j is the dipole transition matrix element. The sec- 
ond term stands for the changes of ground state Zeeman 
sublevel population and creation of ground state Zeeman 
coherences due to light absorbtion. The third term de- 
scribes the destruction of ground state Zeeman coher- 
ences by the external magnetic field. The fourth term 
describes the repopulation and transfer of excited state 
coherences to the ground state due to spontaneous tran- 
sitions. The fifth and sixth terms show the relaxation 
and repopulation of the ground state due to non-optical 
reasons (mainly atoms flying in and out of the interac- 
tion zone, i.e., transit relaxation; thus, 7 is the inverse 
value of the time needed for atoms to fly through the laser 
beam and can be estimated from the thermal velocities 



of the atoms while A is the population supply rate to the 
particular magnetic sublevel due to transit relaxation). 

In equation ([2]) the first term stands for the light 
absorbing transitions from the ground to the excited 
state; the second term denotes induced transitions to 
the ground state; the third describes the destruction of 
ground state Zeeman coherences in the external magnetic 
field; and the fourth term denotes the rate of spontaneous 
transitions to the ground state. 

The term T p ^ giej can be calculated as follows: 

| e _|2 1 

where V stands for the natural linewidth of the transi- 
tion, Aw is the linewidth of the exciting light, U is the 
frequency of the exciting light, k-^v is the energy shift due 
to the Doppler effect, and uj e gi is the actual energy dif- 
ference between the particular ground and excited state 
magnetic sublevels, Ejj is the electric field strength of the 
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laser radiation at the central laser frequency u> and HQ- 
is proportional to the laser power density. Instead of the 
laser power density, the Rabi frequency appears in the 
numerical calculations; it is proportional to the square 
root of laser power density. The Rabi frequency depends 
on a range of parameters, such as as the reduced matrix 
elements and the correspondence of the laser line pro- 
file to the absorption profile, which were not known with 
sufficient accuracy. Therefore, to fit the theoretical re- 
sults and observed signals, the conversion factor between 
the squared Rabi frequency and the laser power density 
was theoretically estimated [17j | and afterwards fine tuned 
to find the best match between theory and experiment. 
Once the best conversion factor was found, the same is 
used for all the transitions. 

The calculations have been made for the full system, 
which means that if the laser light is tuned, for example, 



to the hyperfine transition F„ 



possible transitions [F g = 3 — > F e — 4, F g 



- 3, all other 
4 - F e = 3, 



F a = 



4 — > F e = 4) with their respective probabilities 
are also taken into account, as are the probabilities for 
the excited level to decay to both hyperfine levels of the 
ground state. 

The dipole transition elements are calculated as 
(ei\d\ ■ e\gj). Once the magnetic field is applied, 
all the hyperfine levels are split into magnetic Zeeman 
sublevels with different energies. Moreover, the initial 
quantum state \F, m) becomes a superposition of all pos- 
sible hyperfine sublevels F with the same magnetic quan- 
tum number m denoted as |£,to). In general g^ and ej 
states can be represented by 



F 



■{Z,F,m}\F,m), 



(4) 



where c [£, F, m] are the coefficients of mixing. To ob- 
tain these coefficients and also the energy shifts of the 
nonlinear Zeeman effect, the energy matrix describing 
the interaction between hyperfine levels for each possible 
magnetic sublevel is constructed as follows: 



/ n[F ] /4F ,F + 1] \ 

n[F ,F Q + l] 4F + 1] n[F + l,F Q + 2] 
n[Fo + l,F + 2] ll[F + 2] 
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As can be seen, the interactions with AF = 1 are taken 
into account; only these states are mixed by the magnetic 
dipole interaction. The elements of the Hamilton matrix 
can be calculated this way: 



n[F,m F ] = ^-C 
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where Aq and Bq are the magnetic dipole and electric 
quadrupole hyperfine constants, C — F(F + 1) — 1(1 + 
1) — J(J + 1), I is the spin of the atomic nucleus, L 
is the total angular momentum of electrons, /is is the 
Bohr magneton, g is the Lande factor, and B denotes 
the external magnetic field strength. When the matrix 
is constructed, one must find its eigenvalues and eigen- 
vectors, which represent the energy splittings and level 
mixing coefficients, respectively. 

To make the model more precise, the results have been 
averaged over the Doppler profile in the following way: 
the width of the Doppler profile has been estimated, and 
the signal has been obtained by summing the results cal- 
culated at all possible Doppler energy shift values multi- 
plied by appropriate statistical weights, which represent 
the number of atoms in a particular velocity group. 



IV. RESULTS 

Figure [3] shows the intensity of laser induced fluores- 
cence as a function of magnetic field along the observa- 
tion direction for all transitions of the Cesium Dl line 
excited at comparable laser power densities. Dark res- 



onances are observed at the F 



F„ 



4 -> F e = 4 (b), and F g = 3 



F e 



F e = 3 (a), 
= 3 (c) transi- 



tions. At the F g — 3 — > F e = 4 (d) transition, a bright 
resonance is observed, as expected from the theoretical 
model. The contrast of the bright resonance is very small 
because the transition is not closed, but "leaky", which 
means that some excited atoms spontaneously decay to 
the other ground state and are lost. Therefore, they 
cannot participate in repeated absorption as would be 
required for the repopulation pumping cycle [22] . The 
laser power density was approximately 7.5 mW/cm 2 for 
the dark resonances and 10 mW/cm 2 for the bright res- 
onance. Although the laser power density was relatively 
high, agreement between theory and experiment is excel- 
lent, except for the case of the F g = 4 — > F e = 3 tran- 
sition, in which case the theoretical model predicted a 
somewhat smaller width (see section [V] for a discussion). 
We point out that the contrast of the bright resonance is 
extremely small: approximately 0.2%. Nevertheless, it is 
clearly visible and well-fitted by the theoretical model. 

Figure 0] shows typical results for the case of a dark 
resonance. The intensity of the laser induced fluores- 
cence is plotted as a function of the magnetic field along 
the observation direction. Experimentally measured val- 
ues are represented by solid squares, while the black line 
shows the results of the theoretical calculation. In this 
case the F g = 3 — > F e = 3 transition has been stud- 
ied for various power densities of laser radiation in the 
range from 0.1 mW/cm 2 to 120 mW/cm 2 . The inten- 
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FIG. 3: Dark and bright resonances of the Cesium Dl transition. The intensity of the laser induced fluorescence in relative 
units is plotted against the magnetic field along the observation axis. Results are shown for the (a) F g = 4 — > F e = 3, (b) 
F g = 4 — > F e = 4, (c) F g = 3 — > F e = 3, and (d) F g = 3 — ► F e = 4 transitions. Solid squares, experiment; solid line, theory. 
Note that the vertical axis is identical for (a), (b), and (c), but markedly differs in (d). 



sity scale has been arbitrarily normalized to unity for 
signal levels at fields far from the resonance, where the 
fluorescence intensity does not appear to depend on the 
magnetic field, at least to first order. The relationship 
between the magnetic field and the measured current in 
the coils was determined for high field values by means of 
a three axis Hall probe manufactured by Senis GmbH of 
Switzerland. The zero field point is assumed to be at the 
resonance position. Figure 0] shows that the contrast of 
the resonance increases as the laser intensity increases. 
By contrast we mean the ratio between the minimum 
fluorescence intensity at the resonance position and the 
fluorescence intensity far from the resonance. The phase 
sensitive detection eliminated any background that was 
not associated with the laser. Wc determined the back- 
ground that was due to scattered laser light by measur- 
ing the signal when the laser was tuned far away from 
any transition. There was an additional background-like 



component due to scattered fluorescence light. Since the 
Hanle effect causes a spatial redistribution of fluorescence 
intensity, any stray fluorescence light that is detected will 
act as a kind of background and will tend to reduce the 
signal contrast. The magnitude of this effect was de- 
termined by fitting experimental curves to the theory to 
obtain a single background parameter for each transition; 
its magnitude was on the order of 10% of the signal. 



V. ANALYSIS AND DISCUSSION 

The theoretical model was tested under a wide range 
of conditions in order to determine the accuracy of the 
model itself and to understand better the nature of bright 
and dark resonances. Figure [5] shows the resonance con- 
trast as a function of laser intensity for all of the transi- 
tions of the Cesium Dl line. The bright resonance at the 
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FIG. 4: Dark resonance at the F g — 4 — > F e = 4 transition. The intensity of the laser induced fluorescence is plotted in relative 
units as a function of the magnetic field along the observation axis. Solid squares, experiment; solid line, theory. 



F g — 3 — > F e — 4 transition (d) displays a behavior that 
differs markedly from that of the other transitions, which 
are dark. The contrast of the dark resonances increases 
monotonically as the laser power density increases, and 
approaches a saturation value. The reason for the in- 
crease in contrast with laser power density is that, as 
the power density increases, more and more atoms are 
pumped into a non-interacting magnetic sublevel of the 
original ground state. One would expect saturation, just 
as in any optical pumping phenomenon. 

The contrast of the bright resonance displays a max- 
imum around a laser power density of 1 mW/cm 2 and 
then decreases. This behavior follows from the fact 
that, in the case of bright resonances, there are no non- 
interacting magnetic sublevels of the ground state. In- 
stead, bright resonances are produced by changes in the 
ground state population distribution of atoms that are 
cycling between a ground and an excited state. If all 
excited atoms were to decay spontaneously to the origi- 
nal ground state level, the contrast of bright resonances 
would increase with increasing laser power density un- 



til some saturation value [Tfl, just as in the case of the 
dark resonances. However, on the cesium Dl transition 
F g = 3 — > F e — 4, atoms can decay spontaneously to 
both ground state levels F g — 3 and F g — 4. This pos- 
sibility is described as leakage. As a result of sufficiently 
strong laser power density, a substantial part of the atoms 
is "pumped" from the ground state level F g — 3 to the 
ground state level F g = 4. As a result, the atoms that are 
lost to the Fg = 4 ground state level no longer contribute 
to the bright resonance, and the resonance contrast de- 
creases. It is quite remarkable in a "leaky" system that 
bright resonances are observed at all. It is even more re- 
markable that there is such excellent agreement between 
theory and experiment for such a subtle effect. 

In the case of the dark resonance at the F g = 4 — > F e = 
3 transition, the measured shape deviates slightly from 
the shape predicted by the model. We believe that the re- 
sason for this discrepancy is that optical pumping effects 
were stronger at this transition and, therefore, our treat- 
ment of the ground state relaxation rate was no longer 
fully adequate. In the F g = 4 — > F e = 3 transition there 
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are two non-absorbing magnetic sublevels in the ground 
state, whereas in the case of the F g = 4 — > F e = 4 and 
F ' g = 3 — ► F e = 3 transitions there is only one non- 
absorbing magnetic sublevel in the ground state. Also, 
the line strength of the F g = 4 — ► F e = 3 transition is 
greater than is the case for the other two dark resonances 
(see Fig. [TJ); therefore, pumping is more effective at the 
same intensity. Indeed, the contrast of the resonance at 
the F g = 4 — > F, e = 3 transition is about twice as great as 
the contrast of the other two dark resonances. The width 
of the resonances is mainly determined by the ground 
state relaxation rate, which in this case is the transit re- 
laxation rate. It was theoretically demonstrated that the 
dynamics of the transit relaxation from strong optical 
pumping deviate substantially from an exponential [23| 
and cannot be described by a single rate constant 7 as in 
our model (see equation [1]) . If needed, the nonexponen- 
tial transit relaxation rate could, in principle, have been 
included in the theoretical model, as was done peviously 
in [23|. However, available computational resources al- 
lowed us to include into the model either realistic transit 
relaxation dynamics or the Doppler averaging and mag- 
netic sub-level mixing in an external magnetic field. The 
latter effects were estimated to be more important and 
were therefore incorporated in the model. We believe 
that this approach was fully justified by the results pre- 
sented in this paper. 

In Fig. H3a) the resonance contrast is plotted against 
laser power density for various beam sizes. The theoret- 
ical curves agree quite well with the measured points for 
the larger beam sizes. Deviations become more and more 
significant as the cross-sectional area S of the beam de- 
creases, probably because the uncertainty in the transit 
relaxation time increases for small beam dimensions. At 
our experimental conditions, the ground state collisional 
relaxation rate can be estimated to be on the order of 
7coi ~ 100 s -1 , and thus it can be neglected. Consid- 
ering the fact that the theoretical model was developed 
for a somewhat idealized beam profile, the agreement is 
quite satisfying. 

We also studied how the resonance width varies with 
the dimensions of the laser beam. The dimensions of 
the laser beam are related to the transit relaxation time. 
The width (FWHM) of the F g = 3 -> F e = 4 transition is 
plotted as a function of beam dimension in Fig. [2Kb). The 
intensity was held constant at 20 mW/cm 2 . The points 
correspond to experimentally measured values. The line 
is the result of the theoretical model. The theoretical 
model uses a transit relaxation time determined from the 
beam dimensions and the thermal velocity of the atoms. 
The model assumes that the beam had a sharp cut-off. 
The real beam did not have a sharp cut-off, and its pro- 
file was generally asymmetric. We expect the smaller 
dimension to dominate the relaxation time. Neverthe- 
less, since it was somewhat difficult to define the exact 
beam dimension in our experimental conditions, we plot 
error bars to indicate the maximum and minimum dimen- 
sions. The experimental results show good qualitative 



agreement with the theoretical model. As expected, the 
width tends to zero as the transit relaxation time tends to 
zero, and increases monotonically with increasing transit 
relaxation time. 



VI. CONCLUSION 

Bright and dark resonances were studied experimen- 
tally and theoretically for the first time on the cesium 
Dl transitions. This system was interesting because, un- 
like in other systems studied until now, each distinct F 
level could be experimentally resolved and studied indi- 
vidually. Therefore, this transition can be used as a test 
system to understand better the formation of dark and 
bright resonances and to study their properties. Three 
dark and one bright resonance were observed. Never be- 
fore had bright resonances been observed at transitions 
that were partially open (or leaky). The observed sign 
of the resonances (bright or dark), as well as their con- 
trast, were exactly as expected according to our theoret- 
ical model, which was based on the optical Bloch equa- 
tions. The model included magnetic sublevel mixing in 
the magnetic field as well as averaging over the Doppler 
profile and the influence of the other F levels due to the 
Doppler effect and off-resonance absorption, even though 
it should to be small. Moreover, the theoretical descrip- 
tion was extremely successful at reproducing not only the 
correct sign of the resonance, but also the width and con- 
trast, even in cases were the contrast was on the order 
of a fraction of a percent. Only at high pumping rates 
were there some deviations in the widths of measured 
and calculated resonance signals, but even here the agree- 
ment in the contrast was very good. The slight deviations 
that did occur could be explained by the non-exponential 
character of the transit relaxation at high laser light in- 
tensity. We believe that these results establish that the 
assumptions on which the theoretical model was based 
are essentially correct. The model will therefore be use- 
ful in understanding more subtle effects in more complex 
systems. 

In the event that ground state Hanle resonances in al- 
kali vapors could serve as the basis for optical switches or 
adaptive optics (see, for example, [HI); it will be neces- 
sary to have a good grasp of the influence of all possible 
system parameters. This work has demonstrated that it 
is possible to construct a detailed and robust theoretical 
model that accurately models the ground state Hanle ef- 
fect. Such a model would be indispensible in the design 
of optical devices. 
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FIG. 5: Contrast of bright and dark resonances as a function of laser power density. The contrast of the resonances is plotted as 
a function of laser power density for the same cesium Dl transitions as in Fig. [3] Solid squares, experiment; solid line, theory. 
Note that the laser power density is plotted on a logarithmic scale. The F g = 3 — > F e — 4 transition (d) is a bright resonance, 
whereas the others are dark. The cross-sectional area of the beam S was 2 mm 2 . 
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